Fluoxetine has emerged as a novel treatment for persistent amblyopia because in adult animals it reinstates critical period-like ocular dominance plasticity and promotes recovery of visual acuity. Translation of these results from animal models to the clinic, however, has been challenging because of the lack of understanding of how this selective serotonin reuptake inhibitor affects glutamatergic and GABAergic synaptic mechanisms that are essential for experience-dependent plasticity. An appealing hypothesis is that fluoxetine recreates a critical period (CP)-like state by shifting synaptic mechanisms to be more juvenile. To test this we studied the effect of fluoxetine treatment in adult rats, alone or in combination with visual deprivation [monocular deprivation (MD)], on a set of highly conserved presynaptic and postsynaptic proteins (synapsin, synaptophysin, VGLUT1, VGAT, PSD-95, gephyrin, GluN1, GluA2, GluN2B, GluN2A, GABA A ␣1, GABA A ␣3). We did not find evidence that fluoxetine shifted the protein amounts or balances to a CP-like state. Instead, it drove the balances in favor of the more mature subunits (GluN2A, GABA A ␣1). In addition, when fluoxetine was paired with MD it created a neuroprotective-like environment by normalizing the glutamatergic gain found in adult MDs. Together, our results suggest that fluoxetine treatment creates a novel synaptic environment dominated by GluN2A-and GABA A ␣1-dependent plasticity.
Introduction
Amblyopia is commonly treated with patching, but in some cases, the recovered acuity is lost when patching stops, leaving the child with persistent amblyopia (Birch, 2013) . A variety of therapeutics have been proposed to treat persistent amblyopia in adolescents or young adults. Fluoxetine has emerged as a treatment option because it reinstates critical period (CP)-like ocular dominance plasticity and promotes acuity recovery in adult rats (Vetencourt et al., 2008) . It is unclear, however, what effects this selective serotonin reuptake inhibitor has on visual cortex (V1) plasticity that relies heavily on maturation of glutamatergic and GABAergic synapses (Levelt and Hübener, 2012) . An appealing idea is that fluoxetine shifts the synaptic environment in V1 to a CP-like state that supports heightened experience-dependent plasticity.
During the CP, experience-dependent plasticity is driven by visually evoked responses that depend upon maturation of presynaptic and postsynaptic mechanisms. Development of presynaptic vesicle cycling proteins (eg, synapsin, synaptophysin) and transporters (eg, VGLUT, VGAT) are necessary for reliable neurotransmitter release (Hopf et al., 2002; Conti et al., 2004; Wojcik et al., 2004 Wojcik et al., , 2006 that drives strong visually evoked activity. Also, shifts in the excitation/inhibition (E/I) balance set up the physiological environment needed for heightened plasticity, triggering the CP (Hensch, 2005; Hensch and Fagiolini, 2005) . That E/I balance is mediate by postsynaptic scaffolding proteins PSD-95 and gephyrin that regulate the number of excitatory and inhibitory synapses (Prange et al., 2004; Lardi-Studler et al., 2007; Keith and ElHusseini, 2008) . Furthermore, the start of the CP in rat and human V1 coincides with a rapid switch from much more gephyrin to an equal balance with PSD-95 (Pinto et al., 2013 .
A host of glutamatergic and GABAergic receptor mechanisms affect the threshold for CP plasticity. These include addition of AMPA receptors (AMPARs) that end the period of NMDA receptor (NMDAR)-dominated silent synapses (Huang et al., 2015) and add the fast component to EPSCs (Kleppe and Robinson, 1999) . Furthermore, the addition of GluN2A-containing NMDARs (Flint et al., 1997; Stocca and Vicini, 1998) speeds up receptor kinetics (Cull-Candy et al., 2001 ) and affects signaling pathways, such as GluN2B activation of Ras/ERK or alpha calciumcalmodulin kinase II and mTOR pathways (Kim et al., 2005; Wang et al., 2011) . The shift to GluN2A also affects functional maturation by mediating sharpening of orientation selectivity (Fagiolini et al., 2003) . Finally, activation of GABA A receptors (GABA A Rs) triggers the start of the CP (Hensch, 2005) , and GABA A ␣1 subunits in particular regulate patterns of activity needed for development of ocular dominance (Fagiolini et al., 2004) .
Despite our understanding of the influence of fluoxetine treatment on adult plasticity, there is little evidence to identify "how" fluoxetine affects the expression profile of synaptic mechanism that are critical in the initiation of CP plasticity. To address this, we treated animals with fluoxetine and quantified a set of glutamatergic and GABAergic synaptic proteins to assess if they changed to a CP-like state. We then determined the effects of monocular deprivation (MD) alone, or in combination with fluoxetine on these synaptic proteins. Surprisingly, fluoxetine alone shifted both NMDAR and GABA A R subunits to a more mature composition. Furthermore, when fluoxetine was combined with MD, the treatment normalized the increase in glutamatergic proteins found in adult MD rats. These results show that fluoxetine treatment does not recreate a CP-like synaptic environment but instead shifts plasticity mechanisms to a new state.
Materials and Methods

Animals and surgical procedures
We studied changes in expression of 12 synaptic proteins in V1 of young adult male Long-Evans rats (P98). Rats were individually housed in Plexiglas cages with food and water ad libitum, and a 12 h light/dark cycle. Animals were randomly assigned to one of four groups: normally reared to P98 (n ϭ 6), animals given 4 weeks of fluoxetine (from P70 to P98; 0.2 mg/ml of drinking water; n ϭ 8), animals monocularly deprived (MDed; P91-P98; nϭ6), or animals that received both fluoxetine (P70 -P98) and MD (P91-P98; nϭ8). Eyelids were closed by trimming the lid margins and suturing them together with 5-0 vicryl using aseptic surgical techniques. The surgery was done using gaseous anesthetic [isoflurane (1.5-5%) in oxygen] for induction and maintenance of anesthesia. Eyelids were inspected daily for openings. All experimental procedures were approved by the [McMaster University] Animal Research Ethics Board.
Tissue collection
Animals were euthanized (sodium pentobarbital, 150 mg/kg), and transcardially perfused with cold 0.1 M PBS (4°C; 4 -5 ml/min) until circulating fluid was clear. The brain was quickly removed from the skull and immersed in cold PBS. Bilateral samples of V1 including monocular and binocular regions, quickly frozen on dry ice, and stored at Ϫ80°C.
Sample preparation
To study high-abundance vesicle cycling proteins and receptor scaffolding proteins (synapsin, synaptophysin, PSD-95, gephyrin) we prepared homogenate samples. The frozen tissue was added to cold homogenization buffer (1 ml buffer:50 mg tissue containing the following: 0.5 mM DTT, 1mM EDTA, 2 mM EGTA, 10 mM HEPES, 10 mg/L leupeptin, 100 nM microcystin, 0.1 mM PMSF, 50 mg/L soybean trypsin inhibitor) and homogenized in a glass-glass Dounce homogenizer (Kontes). The sample was then combined with 10% SDS. To study lower abundance receptor subunits (GluA2, GluN1, GluN2A, GluN2B, GABA A ␣1, GABA A ␣3) and transporters (VGLUT1, VGAT), we enriched the samples following a synaptoneurosomes protocol (Hollingsworth et al., 1985; Quinlan et al., 1999; Murphy et al., 2014) . Following the homogenization step each sample was passed through a 5 m pore hydrophilic mesh filter (Millipore), then centrifuged at 1000 ϫ g for 10 min. Both the synaptic pellet and the whole-homogenate samples were resuspended in boiling 1% SDS. Protein concentrations for each sample was determined using the bicinchoninic acid assay guidelines (Pierce) and final concentrations were adjusted to 1mg/ml using Laemmli sample buffer. A control sample was made by combining a small amount of each of the 28 samples.
Immunoblotting
Samples (25 g) were resolved on 4 -20% SDS-PAGE gels (Precise Protein Gels, Pierce Biotechnology) and transferred to polyvinylidene difluoride (PVDF-FL) membranes (Millipore). Blots were incubated with blocking buffer (Odyssey Blocking Buffer 1:1 with PBS) for 1 h (LI-COR Biosciences), then with primary antibody overnight at 4°C using the following concentrations: GAPDH, International) . The blots were washed with PBS containing 0.05% Tween (Sigma-Aldrich; PBS-T; 3 ϫ 10 min), incubated for 1 h at room temperature with the appropriate IRDye-labeled secondary antibody, (anti-mouse, 1:8000; anti-rabbit, 1:10,000; LI-COR Biosciences), and washed in PBS-T (3 ϫ 10 min). The blots were visualized using an Odyssey scanner (LI-COR Biosciences). The combination of IRDye secondary antibodies and Odyssey scanner provides a wide linear dynamic range so that both strong and weak bands could be accurately quantified on the same blot. Blots were stripped and reprobed with additional antibodies (Blot Restore Membrane Rejuvenation kit, Millipore). 
Analyses
To analyze the bands, we scanned the blots (Odyssey infrared scanner) and quantified the bands using densitometry (LI-COR Odyssey Software v3.0; LI-COR Biosciences). Density profiles were determined by performing a subtraction of the background, integrating the pixel intensity across the area of the band, and dividing the intensity by the width of the band to control for variations in lane width. Protein loading was checked using GAPDH as a control for sample concentration and volume loaded in each well. Each band was normalized to the average for the set of blots run at the same time and the control sample on the individual blot.
To quantify the relationship between functional pairs of proteins we calculated contrast indices that are commonly used in signal processing to determine the quality of the signal. AMPAR-NMDAR index:
To compare levels of protein expression among the groups we made histograms showing the mean and SEM for each group. All results were plotted normalized to the normal young adult group. To make statistical comparisons between groups we used bootstrapping, a modern resampling statistical method that provides robust estimates of SE and confidence intervals, that is especially useful for animal studies such as ours constrained to smaller sample sizes. We used R to simulate a normally distributed dataset with 1,00,000 points and the same mean and SD as the group being compared. To determine differences between groups, we compared the simulation dataset with average protein expression with each of the other groups. We ran a Monte Carlo simulation which randomly samples from the simulation dataset N time, where N was the number of animals in each of the other groups (Nϭ6 or 8). This simulation was repeated 10,000 times to create the normal distribution expected for the N sample sizes. We calculated confidence intervals for the simulated distribution and compared those with the observed means for the other groups. Groups were identified as significantly different (eg, p Ͻ 0.05) when the observed average expression was either greater or Ͻ95% of the simulated distribution and thus outside its confidence interval (Table 1) .
Image manipulation
Bands are representative samples taken from different parts of the same gel or different gels. Horizontal and vertical transformations were uniformly applied to size bands appropriately for each figure. A linear adjustment layer was applied uniformly to all bands of each protein, preserving the relative intensities between groups.
Results
We verified that GAPDH was an appropriate loading control by comparing expression of it among the four groups. We found no significant differences from normal demonstrating that GAPDH is an appropriate loading control. We began by examining expression of synapsin, synaptophysin, PSD-95, and gephyrin in V1 ipsilateral to the deprived eye. MD effects are much weaker in the ipsilateral hemisphere (Sawtell et al., 2003) and we did not find any significant differences among the groups for those synaptic proteins (Fig. 1) . Thus, all of the following analyses are for V1 contralateral to the deprived eye.
Presynaptic changes
We analyzed how fluoxetine changed the presynaptic environment by quantifying a set of proteins involved in cycling, transport, and loading of glutamatergic and GABAergic vesicles. We compared expression of synapsin, synaptophysin, VGLUT1 and VGAT in V1 of normally reared adult rats, rats given 1 month of fluoxetine, 1 week of MD, or the combination of fluoxetine and MD. We found no differences among the groups for synapsin (n.s.; Fig.  2A ) or the GABAergic transporter VGAT (n.s.; Fig. 2D ) and only a modest loss of synaptophysin for the MDed animals (Ϫ13%, SEM 4.1%, p Ͻ 0.05; Fig. 2B ). The glutamate transporter VGLUT1, however, had more changes. MDed animals had an increase in VGLUT1 (ϩ25%, SEM 8.4%, p Ͻ 0.001), whereas both groups of fluoxetine treated animals had less VGLUT1 than normal (fluoxetine alone Ϫ29%, SEM 3.0%, p Ͻ 0.0001; fluoxetineϩMD Ϫ13%, SEM 4.9%, p Ͻ 0.05; Fig. 2C .
Postsynaptic changes
Next, we examined how fluoxetine changed the expression of a set of postsynaptic scaffolding proteins and receptor subunits for glutamatergic and GABAergic receptors. Changes among the groups were very similar for PSD-95 and gephyrin. Fluoxetine alone did not change the level of expression relative to normal animals, but MD caused loss of expression (PSD-95 Ϫ37%, SEM 5.6%, p ϳ 0.06; gephyrin Ϫ45%, SEM 4.0%, p Ͻ 0.01) and fluoxetine combined with MD increased expression (PSD-95 ϩ46%, SEM 15%, p Ͻ 0.05; gephyrin ϩ34% SEM 11%, p Ͻ 0.05; Fig. 3A,B) .
The pattern of changes for the receptor subunits was almost opposite to the scaffolding proteins. For the glutamatergic receptor subunits (GluN1, GluA2, GluN2B, GluN2A) fluoxetine alone caused losses for GluN1 and GluN2B (GluN1 Ϫ15%, SEM 4.8%, p Ͻ 0.01; GluN2B Ϫ28%, SEM 4.5%, p Ͻ 0.01) and when combined with MD caused a loss of GluA2, as well as losses for GluN1 and GluN2B (GluA2 Ϫ15%, SEM 4.2%, p Ͻ 0.0001; GluN1 Ϫ18%, SEM 4.5%, p Ͻ 0.0001; GluN2B Ϫ21%, SEM 4%, p Ͻ 0.05; Fig. 3C-F) . However, MD alone caused either an increase (GluN1 ϩ25%, SEM 8.8%, p Ͻ 0.0001; GluA2 ϩ18%, SEM 5.9%, p Ͻ 0.05) or no significant change from normal (GluN2B, GluN2A, n.s.). Thus, MD alone caused gains for these glutamatergic subunits that were reduced when MD was combined with fluoxetine. MD also increased GABA A ␣3 (ϩ18%, SEM 6.6%, p Ͻ 0.001; Fig. 3G ) but did not change GABA A ␣1 (Fig. 3H) . In contrast, GABA A ␣1 was increased in both fluoxetine treated groups (fluoxetine alone ϩ24%, SEM 11%, p Ͻ 0.001; fluoxetineϩMD ϩ24%, SEM 20%, p Ͻ 0.001; Fig.  3H ).
Receptor subunit balances
During development, there are a series of maturational shifts in expression of glutamatergic and GABAergic receptor subunits. One of the shifts is the change from NMDAR-dominated silent synapses to AMPAR activated synapses. We studied if fluoxetine created a CP-like state by shifting the GluA2-GluN1 balance in favor of GluN1 but found no changes from the normal adult balance (n.s; Fig.  4A ). Different results were found when the GluN2A-GluN2B and GABA A ␣1-GABA A ␣3 balances were examined. During normal development there is an increase in GluN2A, shifting the balance from much more GluN2B to slightly in favor of GluN2B in young adult rats (Fig. 4B) . However, all of the experimental groups changed beyond that level toward even more GluN2A (p Ͻ 0.05). There were differences, however, in what drove the changes in the GluN2A-GluN2B balance with the fluoxetine groups shift being caused by less GluN2B, whereas the MD shift was caused by more GluN2A. The GABA A ␣1-GABA A ␣3 balance revealed another dissociation among the experimental groups (Fig. 4C) . Here the MD shift was caused by a 20% increase in GABA A ␣3 (p Ͻ 0.05), whereas the shift for the fluoxetine groups was caused by a 20% increase in GABA A ␣1 (fluoxetine alone, p Ͻ 0.01; fluoxetineϩMD, p Ͻ 0.05; Fig. 4C ). This series of subunit balances unpacks subtle effect of fluoxetine treatment showing that it does not cause a shift to a CP-like state, instead it maintains subunit balances that are like normal adults (GluA2-GluN1) or shifted to more of the mature subunits (GluN2A, GABA A ␣1).
E/I balances
The final analyses examined presynaptic and postsynaptic proteins that regulate the E/I balance. First, we calculated a presynaptic E/I balance using the vesicular transporters VGLUT1 and VGAT. MD caused a large shift toward VGLUT1 (p Ͻ 0.05; Fig. 5A ) but when combined with fluoxetine there was no change in the presynaptic E/I balance. The same pattern was seen on the postsynaptic side, here MD also caused a large shift toward the excitatory side (more PSD-95; p Ͻ 0.05; Fig. 5B ) but when MD was paired with fluoxetine there was no change from the normal adult E/I balance.
Discussion
In this study, we quantified the effect of fluoxetine treatment on 12 glutamatergic and GABAergic markers linked with visual experience-dependent plasticity in V1. Fluoxetine caused a pattern of change in those markers that provides new insights into how this drug affects plasticity in adult V1. We compared normal adult rats with ones treated with either fluoxetine alone, MD, or fluoxetine paired with MD. The main findings are that fluoxetine treatment in adult rats does not shift these markers to a younger pattern but instead rebalances MD driven glutamatergic gain and promotes a novel synaptic environment.
In this study, we used Western blotting to quantify the effects of fluoxetine treatment on a collection of synaptic proteins in adult V1. A strength of this approach is that a large number of synaptic proteins were analyzed. Western blotting, however, does not provide laminar or cellspecific information that is needed to identify the neural circuits in V1 affected by fluoxetine. Future neuroanatomical studies are needed to address that question and those studies may be guided by the current results.
Fluoxetine does not recreate a younger synaptic environment
An appealing hypothesis about drug treatments, such as fluoxetine, is that they reinstate ocular dominance plasticity in adult V1 by changing the synaptic environment to a CP-like state. During the CP, there are increases in amount of proteins and shifts in balances between functional pairs of synaptic proteins. Our results do not support the idea that fluoxetine in adult rats dials back synaptic age. For example, we found that fluoxetine combined with MD caused greater expression of PSD-95 and gephyrin. These levels were higher than found during the CP (Pinto et al., 2015) and are consistent with a spike in PSD-95 that ends the CP (Huang et al., 2015) . Furthermore, fluoxetine alone did not reduce expression of either scaffolding protein and only MD caused a loss of PSD-95 and gephyrin. The modest losses for VGLUT1 and receptor subunits caused by fluoxetine suggest a shift to a more immature stage, but the balances among the subunits do not support that conclusion. If a younger synaptic environment was recreated then it should favor NMDA over AMPA receptors (Wu et al., 1996) , GluN2B over GluN2A (Carmignoto and Vicini, 1992; Flint et al., 1997; Stocca and Vicini, 1998) and GABA A ␣3 over GABA A ␣1 (Laurie et al., 1992) . Instead, the NMDAR to AMPAR ratios were balanced for both fluoxetine groups (GluN1ϳGluA2), whereas subunit balances jumped past age-matched adults toward even more of the mature subunits (GluN2A, GABA A ␣1). Finally, E/I balances for presynaptic and postsynaptic markers were similar to the normal adults in both fluoxetine groups. Together these findings illustrate that fluoxetine treatment did not simply recreate a CP-like synaptic environment in V1.
It is important to note that we examined synaptic proteins after 1 month of fluoxetine treatment and 1week of MD. We know from previous studies that there are dynamic changes in synaptic proteins dur- In contralateral V1, PSD-95 (A) and gephyrin (B) had a similar pattern of changes: fluoxetine alone had no effect, MD alone caused a loss of expression, but combining fluoxetine with MD prevented the MD-induced loss and caused super-compensation above normal levels. GluN1 (C) was reduced by fluoxetine regardless of visual experience, whereas MD alone caused an increase. GluA2 (D) was unaffected by fluoxetine alone, MD caused an increase, but combing fluoxetine with MD caused a decrease. GluN2B (E) was reduced by fluoxetine regardless of visual experience, whereas MD had no effect. GluN2A (F) expression of each experimental group was not different from normal animals, but the MDed group had higher expression than either fluoxetine alone or fluoxetine combined with MD. GABAA␣3 (G) was unaffected by fluoxetine alone, MD caused an increase, but combing fluoxetine with MD prevented the MD-induced increase. GABAA␣1 (H) was increased by fluoxetine regardless of visual experience, while MD alone had no effect. ‫ء‬p Ͻ 0.05, ‫‪p‬ءء‬ Ͻ 0.01, ‫‪p‬ءءء‬ Ͻ 0.001, ‫‪p‬ءءءء‬ Ͻ 0.0001.
ing a period of MD and it seems reasonable to propose that fluoxetine treatment may cause similarly dynamic changes. Thus, the findings here provide a snapshot of long-term effects of fluoxetine treatment. It will be important for future studies to probe other time points to understand the full landscape of synaptic changes and how transient changes caused by fluoxetine (Vetencourt et al., 2011) impact long-term plasticity in V1.
Fluoxetine triggers a novel synaptic environment in adult V1
The original study showing that fluoxetine reinstates ocular dominance plasticity also found improvement of visual function, reduced intracortical inhibition, and increased BDNF expression (Vetencourt et al., 2008) . All of those changes occurred without significantly altering neuronal responsiveness or orientation selectivity in V1. Here we found normal presynaptic and postsynaptic E/I balances, and adult levels of GABA A ␣1 that could support normal responsiveness and orientation selectivity. A previous study of gene expression found reduced VGAT after fluoxetine treatment but no changes in other genes associated with E/I mechanisms (Tiraboschi et al., 2013) . We, however, did not find that fluoxetine caused a loss of VGAT protein expression. Some forms of GABAergic plasticity involve changes in VGAT protein expression associated with the amount of neurotransmitter in vesicles (Hartman et al., 2006) , and the lack of change in VGAT makes it unlikely that fluoxetine altered this type of plasticity.
A recent proteomic analysis found that fluoxetine caused alterations in cytoskeleton organization, endocytosis, molecular transport, intracellular signaling, redox cellular state, metabolism, and protein degradation (RuizPerera et al., 2015) . Those changes included proteins that regulate AMPAR and GABA A R, and may affect the E/I balance. Nonetheless, our quantification of synaptic proteins, along with the gene and proteomic studies, show that fluoxetine affects mechanisms that regulate experience-dependent plasticity.
The GluN2A-GluN2B and GABA A ␣1-GABA A ␣3 balances were both affected by fluoxetine and importantly the GABA A balance differentiated fluoxetine treatments from the effects of MD. The changes in these functional pairs of glutamatergic and GABAergic receptor subunits suggest that fluoxetine creates a novel synaptic environment in adult V1. An environment that is dominated by GluN2A and GABA A ␣1 but also has balanced levels of presynaptic and postsynaptic E/I markers. Both GluN2A and GABA A ␣1 subunits are described as mature components because they gradually increase during development and affect plasticity. For example, the developmental shift from GluN2B to more GluN2A speeds up receptor kinetics (CullCandy et al., 2001) , changes cellular signaling (Kim et al., 2005; Wang et al., 2011) , relieves GluN2B negative regulation of AMPARs , and controls metaplasticity in V1 (Philpot et al., 2007) . GABA A ␣1 is necessary for normal development of orientation tuning (Fagiolini et al., 2004) and gamma rhythms (Cardin et al., 2009; Sohal et al., 2009 ). The prevalence of GABA A ␣1-positive synapses on pyramidal cell bodies makes them important components in GABAergic regulation of experience-dependent plasticity (Hensch, 2005; Griffen and Maffei, 2014) . The different roles of these subunits in experience-dependent plasticity suggests that fluoxetine creates a unique synaptic environment in adult V1 that can support both GluN2A-dependent metaplasticity and GABAergic regulation of ocular dominance plasticity.
How might fluoxetine trigger adult plasticity?
Reduced intracortical GABA and GABAergic transmission have been found after fluoxetine treatment (Vetencourt et al., 2008; Baroncelli et al., 2011) . In contrast, we found a small increase in GABA A ␣1 expression and no loss of GABA A ␣3 or VGAT in rats treated with fluoxetine. Previous studies have shown that fluoxetine positively modulates GABA A receptors and one way is by increasing receptor sensitivity to small amounts of GABA (Robinson, 2002) . The ␣1 subunit is one of the subtypes that confer that increased sensitivity and perhaps more GABA A ␣1 expression modulates GABAergic drive when the amount of neurotransmitter is reduced by fluoxetine. Interestingly, during the CP a brief exposure to vision after deprivation causes a rapid rebound potentiation in miniature IPSCs (mIPSCs) that is correlated with an increase in GABA A Rs (Gao et al., 2014) . Perhaps the increase in GABA A ␣1 expression found here supports a similar potentiation of mIPSCs and because GABA A ␣1-containing synapses form a key part of the neural circuitry involved in ocular dominance plasticity (Hensch, 2005) fluoxetine may drive a compensatory mechanisms where sensitized GABA A Rs enhance adult plasticity.
We also found that fluoxetine caused changes to glutamatergic receptor subunit expression. Fluoxetine is known to inhibit NMDA receptors and may provide neuroprotective effects by regulating glutamatergic involvement in excitotoxicity . We found that fluoxetine paired with MD ameliorated glutamatergic gain driven by MD alone, suggesting that one of fluoxetine's effects in adult V1 may be neuroprotective. Fluoxetine acts by inhibiting GluN2B-containing NMDARs (Kiss et al., 2012) and that may trigger increases in both BDNF and AMPARs. GluN2B-mediated signaling inhibits AMPAR trafficking and the amount of GluA2-containing AMPARs (Kim et al., 2005; Derkach et al., 2007; Hall et al., 2007; Hall and Ghosh, 2008) through unique cellular processes that include Ras/ERK, ␣CamKII, and mTor pathways (Kim et al., 2005; Wang et al., 2011) . One way that fluoxetine could affect adult ocular dominance plasticity is if the loss of GluN2B changes the length of GluN2B-mediated Ras/ ERK activation (Kim et al., 2005) thereby increasing insertion of AMPAR into synapses and supporting long-term potentiation (LTP). ERK activation is necessary for ocular dominance plasticity in developing V1 (Di Cristo et al., 2001 ) and fluoxetine in adult animals may enhance ERKdependent plasticity through the loss of GluN2B.
During the CP ocular dominance plasticity reflects the depression of deprived eye responses but in adults MD leads to enhancement of open-eye responses in V1 (Sawtell et al., 2003) . That adult plasticity is dependent on activation of NMDARs and may use Hebbian [LTP, long- Postsynaptic Index in contralateral V1 (B): (PSD-95Ϫgephyrin)/(PSD-95ϩgephyrin). We found strikingly similar patters in the presynaptic and postsynaptic indexes of E/I synapses. Fluoxetine caused a slight shift toward inhibition in the presynaptic index and had no effect on the postsynaptic index. MD caused a strong shift to excitatory markers. Combining fluoxetine and MD kept the balance at normal levels. ‫ء‬p Ͻ 0.05, ‫‪p‬ءء‬ Ͻ 0.01, ‫‪p‬ءءء‬ Ͻ 0.001, ‫‪p‬ءءءء‬ Ͻ 0.0001. term depression (LTD), spike time-dependent plasticity], homeostatic, or metaplasticity (synaptic modification threshold) mechanisms (for review, see Hofer et al., 2006) . Visual experience-driven changes to LTP and LTD during the CP depend on GluN2A and previous studies have identified shifts in the GluN2A-GluN2B balance as the mechanism underlying an adjustable synaptic modification threshold in V1 (Philpot et al., 2007) . Perhaps the shift to balanced GluN2A-GluN2B expression after fluoxetine treatment is an indication that metaplasticity plays a dominant role in fluoxetine driven adult plasticity. Interestingly, in auditory cortex fluoxetine reduces the potential for LTP (Dringenberg et al., 2014) raising the possibility that the effects of fluoxetine might not be uniform across the cortex.
Fluoxetine could also trigger events similar to those promoted by other NMDAR antagonists that cause a transient burst of glutamate, followed by BDNF release and synapse formation (Duman and Aghajanian, 2014) . BDNF plays a key role in fluoxetine's reactivation of plasticity (Castrén and Rantamäki, 2010) suggesting that a fluoxetine induced loss of GluN2B signaling may enhance BDNF and AMPAR involvement in experience-dependent plasticity in adult V1. Thus, fluoxetine appears to enhance glutamatergic and GABAergic mechanisms that support experience-dependent plasticity in adult V1.
Implications for other therapies
A variety of other methods are being explored to promote adult recovery from persistent amblyopia, such as dark rearing in animals (He et al., 2006 (He et al., , 2007 Montey and Quinlan, 2011; Duffy and Mitchell, 2013) , manipulation of the brakes on plasticity including PirB (Bochner et al., 2014) and chondroitin sulphate proteoglycans (Pizzorusso et al., 2002; Morishita et al., 2010; Bukhari et al., 2015) , environmental enrichment (Sale et al., 2007) , patterned visual stimulation (Montey et al., 2013) , or perceptual learning (Levi and Li, 2009; Baroncelli et al., 2011; Bonaccorsi et al., 2014; Tsirlin et al., 2015) . All of these appear to reactivate a certain degree of plasticity that can support ocular dominance plasticity and even visual recovery. The cellular mechanisms typically include LTP of cortical synapses, and although some molecular changes have been identified (He et al., 2006) , the full extent has yet to be explored. Do these other techniques mimic the novel pattern of fluoxetine driven glutamatergic and GABAergic changes or do they create different synaptic environments? These are important questions to answer to determine whether these adult manipulations activate one or many different forms of experience-dependent plasticity in V1.
Future studies will need to determine the long-term consequences of fluoxetine-induced changes in adult V1. It is not clear whether stopping drug treatment will allow the synaptic environment to shift back to a normal adult state. In addition, if not what effects that new synaptic environment may have on neural function in the long-term. Finally, it will be important to determine how much of these effects are driven by the increase in serotonin, as opposed to unique effects of fluoxetine. Each of these are important questions to answer that well help to understand plasticity in adult V1 and translate that knowledge into effective treatments for persistent amblyopia.
